Semiconductor nanowires offer the possibility to grow high quality quantum dot heterostructures, and in particular CdSe quantum dots inserted in ZnSe nanowires have demonstrated the ability to emit single photons up to room temperature. In this letter, we demonstrate a bottom-up approach to fabricate a photonic fiber-like structure around such nanowire quantum dots by depositing an oxide shell using atomic layer deposition. Simulations suggest that the intensity collected in our NA=0.6 microscope objective can be increased by a factor 7 with respect to the bare nanowire case. Combining micro-photoluminescence, decay time measurements and numerical simulations, we obtain a 4-fold increase in the collected photoluminescence from the quantum dot. We show that this improvement is due to an increase of the quantum dot emission rate and a redirection of the emitted light. Our ex-situ fabrication technique allows a precise and reproducible fabrication on a large scale. Its improved extraction efficiency is compared to state of the art top-down devices. * contributed equally to this work † gilles.nogues@neel.cnrs.fr
I. INTRODUCTION
Controlling and enhancing the spontaneous emission of quantum emitters is one of the current key issues in the field of nanophotonics. Semiconductor quantum dots (QDs) are considered as promising and efficient single-photon emitters for quantum optics applications.
[ [1] [2] [3] [4] [5] [6] Over the past few years, several approaches have been pursued to control their emission properties, from the use of photonic crystals [7, 8] to top-down photonic wires [9] [10] [11] and trumpets. [12, 13] These strategies are based on the early work of Purcell [14] which demonstrated that the spontaneous emission of an emitter can be modified by engineering its electromagnetic environment. They rely on a waveguiding approach to increase the coupling between a well-defined propagating optical mode and the QD while simultaneously reducing the coupling between the QD and background radiation modes, offering control of both the optical mode profile and the QD spontaneous emission rate.
In this context, the interest of the dot-in-a-nanowire configuration fabricated using bottom-up methods naturally arises because it provides a simple way to ensure the centering of a single quantum emitter in the photonic structure. [15] [16] [17] The bottom-up fabrication method also avoids heavy processing, like etching the semiconducting material, that is often detrimental to the QDs optical properties. However, the main realizations up to now concern III-V semiconductors, [15] [16] [17] limiting the operation range to the cryogenic temperature.
Tackling this issue, the potential of II-VI materials, in particular CdSe QDs inserted inside ZnSe nanowires (NWs) has been demonstrated in previous studies. They allow for robust high temperature single-photon emission using heteroepitaxial [18] or homoepitaxial [19] nanowire growth. Contrary to all the aforementioned systems where the photonic wire structure has a diameter comparable to the wavelength λ/n of the guided light which allows for highly efficient coupling to the HE 11 mode [20] , the diameter of the II-VI NW embedding the QD (∼20 nm) is much smaller than the wavelength of the emitted light (530 nm). It leads to light emission predominantly into non-guided radiation modes and a low collection efficiency. An additional fabrication effort has thus to be made to ensure an efficient coupling to the collection optics.
In a previous report [21] we have theoretically investigated the potential of using an oxide shell deposition on a bare ZnSe NW to form a thick photonic wire structure. In this article, we experimentally demonstrate the use of atomic layer deposition (ALD) to fabricate a 2 conformal aluminum oxide (Al 2 O 3 ) shell around ZnSe NWs containing a single CdSe QD.
We show that the oxide shell drastically enhances the light intensity emitted by the QD, and we use time-resolved microphotoluminescence to systematically study the effect of the shell thickness on the nanowire quantum dot (NWQD) emission rate. Our results are compared to numerical simulations accounting for the real NW geometry, evidencing the different physical mechanisms leading to the enhancement of the spontaneous emission from the QD and to the improved light collection from the emitting structure.
II. PRINCIPLES OF OPERATION
To illustrate the effect of the NW and its surrounding medium on the QD emission rate, let us consider a QD placed inside an infinitely long cylinder as illustrated in Fig. 1(a) radiating a field at a wavelength λ. The cylinder is made of a dielectric material (refractive index n) and has a diameter d. We first consider a dipole orientation perpendicular to the NW axis in order to use the NW as a propagation medium for the emitted light. In the limit where d ≪ λ/n, the dielectric screening effect [11] reduces the spontaneous emission rate γ by a factor:
where γ 0 is the radiative emission rate in the bulk material of index n. [22] For a ZnSe cylinder (n ZnSe = 2.68 at λ=530 nm), the screening factor is ∼1/45. If the NW is surrounded by a shell of refractive index n s instead of vacuum, equation 1 remains valid by replacing n with the index contrast n/n s . For an Al 2 O 3 surrounding medium (n s =1.77), the screening factor becomes ∼1/4.1, resulting in an order of magnitude larger radiative rate.
In addition to changing the dielectric screening, the Al 2 O 3 shell also influences the guiding of light along the NW. We have computed the total emission rate γ and the emission rate γ HE11 into the fundamental HE 11 waveguide mode from a radial dipole as function of the shell thickness t s [see Fig. 1(a) ] using a semi-analytical approach [23] combined with an efficient non-uniform discretization scheme in k space. [24] The results are plotted in Figure 1 (b). We observe that the shell thickness of ∼120 nm not only leads to an increased total emission rate, it also allows for confinement of the fundamental HE 11 mode to the core-shell NW leading to a preferential coupling of the emitted light to this mode. to the HE 11 mode. We observe indeed that up to 71% of the emitted light is coupled to this mode for t s =120 nm. The dipole thus becomes coupled to the equivalent of a monomode photonic wire [9] [10] [11] [15] [16] [17] paving the way to the control of its far-field radiation pattern. The complexity of creating a thick epitaxial shell is one of the reasons why we fabricate the photonic structure by depositing an oxide shell around the NW using ALD. Another reason is that, since this process step can be done separately from the NW growth process, it allows to tune ex situ the shell parameters after a first optical characterization of the QD. Indeed, due to its slow deposition rate, the ALD process allows to precisely control the deposited thickness, which can also be finally verified using scanning electron microscopy.
We have tested several oxide materials, and selected Al 2 O 3 because it produced very smooth and conformal, amorphous shells. axis. This is why we neglect the droplet influence in the following.
IV. EXPERIMENTAL RESULTS
A sample from a single epitaxial growth process is cut in pieces, and photonic structures with different oxide shell thicknesses are fabricated. Taking advantage of the low NW density, individual structures are optically characterized directly on the growth substrate. The samples are mounted on the cold finger of a He-flux cryostat and cooled down to 4 K. Individual photonic structures are probed using confocal microphotoluminescence (µPL). They are excitated by a supercontinuum pulsed laser (Fianium WhiteLase, 10 ps pulse duration, repetiton rate 76 MHz) and a spectrometer selecting a 10 nm bandwidth centered around 485 nm. This excitation energy, below the ZnSe gap, allows us to induce crossed transitions between delocalized states in the NW 1D continuum and a discrete confined 0D state in the NWQD band structure [25] . In this configuration, the NW axis is aligned with the optical axis and emission from the QD is collected by a NA = 0.6 objective. A typical NWQD spectrum is presented in Figure 3 They are normalized to the axial intensity at t s =110 nm a constant plateau at high pumping powers corresponding to the saturation of the exciton level. [26] Under pulsed excitation, we note that changing the shell thickness might modify the laser power in the NW and the excitation probability of the QD. Hence if affects the slope at low power in Fig. 3(b) . It has however no effect on the saturation plateau which only depends on the QD emission rate and light collection efficiency. This allows us to compare statistical sets of nanostructures with different oxide shell thicknesses. The total integrated emission at saturation as a function of the oxide shell thickness is reported in blue markers for each NWQD in Figure 3(c) . The values have been normalized to the average intensity at t s =110 nm. For NWs without an oxide shell, the luminescence intensity is very low and we were never able to reach the saturation regime, this is why we do not report the corresponding points in Fig. 3 The observed increase in intensity at saturation corresponds to the combination of improved collection efficiency through light redirection from the structure and enhancement of the spontaneous emission rate. In the latter case, a modification of the QD dynamics is expected to be detected by measuring the exciton decay rate. Time-resolved measurements were carried out using a low pump power as compared to the exciton saturation power to avoid any repopulation of the X level. The measured decay transients are thus monoexponential. The fitted decay constant is the total exciton decay time τ . The experiment 8 was carried out in another setup on a different set of photonic structures compared to the one of figure 3(c). The same excitation laser was used, the QD fluorescence was spectrally filtered in a spectrometer (500gr/mm grating) and integrated on an avalanche photodiode in a photon correlation setup, using the exit slit of the spectrometer as a spectral bandpass filter. The results of these measurements, presented in Figure 4 show also a great dispersion in decay time. One observes however that longer lifetimes are observed for smaller shell thickness (up to 5.9 ns). Increasing the shell thickness leads to an overall decrease in the measured exciton lifetime, hence an enhancement of the exciton decay rate in agreement with the results of the numerical simulations. For systems without an oxide shell, only a few NWQDs give a large enough signal to be properly measured. They yield a much smaller dispersion of short decay times.
V. DISCUSSION AND COMPARISON TO NUMERICAL SIMULATIONS A. Dispersion of the results
For each oxide shell thickness, the large variations of the experimental results in both we measure remain longer than the decay time of CdSe self-assembled QD embedded in bulk ZnSe (<1 ns) [35] . The reduction of the dielectric screening effect is a main effect we evidence.
B. Collected intensity and radiative lifetime
To better understand the effect of the shell deposition on the NWQD emission, we perform numerical simulations of the photonic structure formed by the full NW + oxide shell geom- The results are normalized to the axial intensity at t s =110 nm. Comparing the simulated integrated intensity in the case of a 20 nm and 110 nm reveals an enhancement factor less than 2-fold for an axial dipole and almost 4-fold for a radial dipole. The 4-fold enhancement observed in our measurements suggests that on average, the dominant emitting dipole in our structure is radial, in good agreement with the recombination of a heavy hole exciton.
The theoretical limits for the radiative lifetimes is extracted from the numerical simulations by integrating the total power radiated over every direction for the two dipole orientations (radial and axial) P . We normalize this value by the same quantity computed for a dipole in bulk ZnSe P 0 . For a purely radiative system we have P/P 0 = γ/γ 0 = τ 0 /τ [36] , where τ and τ 0 are the radiative lifetime for the nanostructure and for bulk ZnSe respectively.
Radiative times are presented in black lines in Figure 4 , where we have chosen τ 0 = 300 ps in good agreement with previously reported radiative lifetime of CdSe QD in bulk ZnSe [37] .
The axial dipole radiates with an almost constant decay time as a function of the oxide shell thickness, while the radial dipole decay time strongly decreases with increasing oxide shell thickness t s . Additionally, we compare the decay time for the radial dipole computed for the full geometry to the semi-analytical calculations for the infinite NW presented in fig. 1(b) with the same τ 0 value. The agreement is excellent indicating that interference effects due to reflections from the substrate and from the top hemispherical termination are negligible.
Comparing the trends of the simulations, we can confirm that our emitters bear a strong radial dipole character. The measurements dispersion can be well understood by considering that the real emitters are a mixture of radial and axial dipoles radiating with a characteristic decay time comprised between the simulated lifetimes of the pure radial and axial dipole.
We do not observe long decay time for NWQDs without an oxide shell in Fig. 4 . For these systems, it is very difficult to find emitters which are bright enough to be detected is because both the laser absorption and the emission rate of a radial dipole are very weak for such small NW diameters. We think that the emitters which have been selected correspond to
NWQDs having a large fraction of axial dipole character as they are the brightest ones when no oxide shell is present.
C. Radiation pattern
To analyze the mechanisms leading to the increase in collected intensity with increasing shell thickness, we present in Figure 5 Eq. (1). In contrast, in the case of the axial dipole it can be seen that the presence of the NW only slightly increases the emitted intensity. Figures 5(b,e) show the computed radiation patterns of the NWQD for increasing oxide shell thickness t s . In the case of the radial dipole, the shell first reduces the index contrast between the NW and the surrounding medium (cf. Eq. 1), resulting in a strong reduction of the emitter lifetime and thus in an increased total emitted intensity as seen in in Fig. 3(c) and Fig. 4 . Note that the the intensity pattern shown in the polar plot must be multiplied by the solid angle sin θdθ if one wants to evaluate the power radiated in the numerical aperture.
This is why the intensity for an axial dipole can be larger than for a radial one, as seen in Fig. 3(c) . Second, as shown in Figure 1(c) , the shell presence ensures preferential emission into the guided HE 11 mode for increasing shell thickness. As a consequence a near-Gaussian far-field emission pattern corresponding to the far-field emission profile of the HE 11 mode [38] is observed for t s =110 nm, contrary to the structures with a smaller oxide shell thickness where one observes the presence of two closely-spaced lobes at small emission angles (±10
• with respect to the z-axis). The resulting emission into the 0.6 NA cone is maximum for t s =110 nm, where the emission into the HE 11 mode is nearly maximum [cf. Fig. 1(b) ].
The effect of the oxide shell thickness on the axial dipole is completely different. While the total emitted intensity does not vary much, and hence the emitter lifetime stays constant (as noted in Fig. 4 ), the light emitted by the axial dipole does not couple to the HE 11 mode but is emitted exclusively into radiation modes. Thus the fraction of intensity emitted towards the collection lens increases only slightly as the oxide shell thickness increases [cf. Fig.5(e) ].
This intensity increase for the axial dipole also presented in Fig.3(c) is not due to a change in the spontaneous emission rate of the emitter, but rather to a slight redirection of the emitted light.
Finally, Figures 5(c,f ) compare the actual hemispherical geometry of the oxide shell termination to the flat end of a simple lateral shell. They show that the presence of the hemisphere is beneficial to the radiation pattern for both kinds of dipole. For the radial dipole, the hemisphere enables a near-adiabatic expansion of the HE 11 mode [38] leading to a narrowing of the far-field emission pattern and an increased collection by the numerical aperture. The axial dipole benefits less from the hemispherical termination of the photonic structure since no light from this dipole is coupled to the HE11 mode. We also note that half of the emitted light propagates towards the growth substrate and due to the index-matching condition between the NW and the substrate, this light is predominantly lost.
In order to assess the performances of our device we compute the ratio η between the 13 power radiated into a 0.6 NA to the one radiated into the top air side hemisphere. This parameter is a good figure of merit for the antenna redirection effect although it cannot be directly related to the overall collection efficiency because of the power lost in the substrate.
For our full photonic structure and a radial dipole one has η ≃80% for t s =110 nm. This value reduces to ≃66% for a flat terminated core-shell photonic wire illustrating the importance of the adiabatic expansion of the HE 11 guided mode at the end of the wire. For the dipole in the NW without shell η ≃55%. We have also simulated a structure inspired by state-of-the-art devices fabricated by top-down methods in Ref. [9] . In this case we simulate a 110 nm oxide shell photonic wire where the hemispherical termination is replaced by a conical tapper of Al 2 O 3 whose radius progressively decreases from 120 to 10 nm in 1.5 µm. In this case one has η ≃94%, showing that although beneficial our hemispherical termination is not optimal.
VI. CONCLUSION
In summary, we have presented a bottom-up approach to fabricate a dielectric antenna around a QD inserted inside a NW. This method allows for both reproducible and very precise fabrication of the structure on a large ensemble of emitters at once. It is based on the deposition of a thick oxide shell around the NW using atomic layer deposition. Experiments show a 4-fold enhancement of the QD photoluminescence shown in Fig. 3 (c) between a 20 nm and a 110 nm thick shell. Semi-analytical calculations and numerical simulations of the structure reveal that the oxide shell thickness strongly acts on the radial dipole emission through two main phenomena: the reduction of the dielectric screening, which increases the spontaneous emission rate from the QD, and the redirection of light through a waveguiding effect. Simulations suggest that the collected intensity is multiplied by a factor 7 with respect to the bare NW case. The fabrication process of the photonic shell is very simple and can be applied to QDs emitting single photons up to room temperature. Although not optimal, the resulting structure is a step towards the best nanowire single photon sources operating at low temperature [9] . Dielectric screening could be further reduced by growing an oxide shell of higher index matching n ZnSe like TiO 2 . We note also that in our system a large fraction of the emitted power is radiated in the substrate. This loss channel could be reduced by having a mirror at the bottom of the structure. [15, 39] Moreover, to fully benefit from the waveguiding approach, a better control on the intrinsic QD properties has to be reached to ensure the presence of radial dipoles, which radiate more efficiently in the experimental collection aperture. 
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